Background
Results
Of all subjects, 80 750 (37.6%) were exposed to antibiotics prenatally. During follow-up, 2965 children received an ASD diagnosis. Compared to children who were not exposed to antibiotics prenatally, those who were exposed had a higher risk of ASD: (adjusted HR 1.10 [95% CI 1.01, 1.19] 
Introduction
Autism spectrum disorders (ASD) are characterized by impairment in social communication and interaction with repetitive patterns of behavior [1] . The burden of ASD is significant with 62 million cases worldwide [2] . Genetics are primary contributors to the development of ASD; however, the increasing prevalence of ASD suggests a role of environmental factors [3] [4] [5] [6] [7] . Abnormal composition of microbiota, the community of microorganisms residing in the human body, has been observed in children with ASD and is proposed as a contributor to ASD development [8] [9] [10] [11] . Recent research have shown that the fetal gut is not germ free and suggests maternal microbiota transfer before birth [12, 13] . Antibiotic-altered microbiota administered to pregnant mice demonstrated transmission of the same alteration of microorganisms to the offspring. Despite absence of direct exposure to antibiotics, the offspring maintained this microbial composition for at least 21 weeks and were found to be at higher risk of developing colitis [14] . In another study, treating pregnant mice with antibiotics directly resulted in persistent reduction in offspring gut microbiota diversity and in immunological alterations [15] . Antibiotic-induced changes in fetal microbiota composition can disrupt the gut-brain axis, potentially impairing neurodevelopment and increasing the risk of ASD [8, 9, 16] .
Although previous observational studies reported several prenatal and postnatal environmental factors as predictors of ASD [17] [18] [19] , potential of confounding and other study flaws limited the clinical applicability of these associations. In this study, we aimed to examine the association between prenatal antibiotic exposure and the risk of ASD. Antibiotics over-prescription and inappropriate use are often observed during pregnancy [20] [21] [22] . Given the high frequency of antibiotic prescribing in this population [20, 23] , identifying an association between antibiotic use and ASD, if any, would be of public health interest.
Methods

Design and subjects
This was a population-based cohort study utilizing administrative health data from the Manitoba Population Research Data Repository housed at the Manitoba Centre for Health Policy. The Repository is a collection of administrative, registry, survey and other data that come from different provincial government departments such as health, education and justice. Under a universal, provincial health delivery system, the Repository captures all encounters by all residents with the healthcare system including physician visits and drug dispensation, collected for claim purposes. Patient records in the Repository are de-identified. Scrambled Personal Health Identification Numbers (PHIN) are used for linkage among different databases.
The cohort consisted of all live births identified in the Manitoba Health Insurance Registry between April 1, 1998 and March 31, 2016. Children were required to have continuous enrollment with Manitoba Health for at least 18 months after their birthdate, which was also the cohort index date, to ensure that they have met the minimum age of ASD diagnosis [24] . In addition, to obtain data on maternal covariates, the mothers were required to have at least two years of Manitoba Health enrollment prior to index date. Children were followed until a diagnosis of ASD, migration out of province, 18th birthday, death or end of study period (March 31, 2016), whichever occurred first. Subjects with missing data on any of the relevant covariates were excluded from the cohort. To account for unmeasured familial environmental and genetic confounders that are shared between siblings, we identified a cohort of maternal siblings who have different exposure status to prenatal antibiotics, i.e., one or more of the siblings were exposed to antibiotics prenatally and one or more were not.
Other data sources of the study included the Drug Program Information Network (DPIN), In-hospital Pharmaceuticals, Hospital Abstracts, physician claims from the Medical Services database, the Manitoba Education and Training Special Needs Funding data, the Hospital Newborn to Mother Link Registry, BabyFirst-Families First Screen and the Social Allowances Management Information Network (SAMIN) (S1 Table) . The study was approved by the University of Manitoba Health Research Ethics Board and the Health Information Privacy Committee of Manitoba Health, Seniors and Active Living.
Exposure
The exposure was identified in the Drug Program Information Network (DPIN), a record of outpatient drug dispensations, and was defined as having filled one or more antibiotic prescriptions during pregnancy (S2 Table) . The first day of pregnancy was estimated as the difference between birth date and gestational age. Gestational age is approximated from the first date of women's last menstrual period and is identified in the Hospital Newborn to Mother Link Registry. In secondary analyses, the exposure was examined based on the pregnancy trimester, number of antibiotic courses received, cumulative duration and class of antibiotic. Grouping of these variables was based on their frequency in the cohort.
Outcome
The primary outcome was ASD diagnosis after 18 months of age and included childhood autism, atypical autism, Asperger's disorder, childhood disintegrative disorder, other pervasive developmental disorders and pervasive developmental disorders not otherwise specified [1] .
The 9 th and 10 th revisions of the International Classification of Disease (ICD) coding system were used to identify ASD diagnosis. ASD was defined as one or more hospitalization with an ASD code (ICD-9 299.0, 299.1, 299.8 or 299.9, or ICD-10 F84.0, F84.1, F84.3, F84.5, F84.8 or F84.9), one or more physician visit with ASD code (ICD-9 code of 299) or presence of an "ASD" identifier in the Manitoba Education and Training Special Needs Funding data [7, 25, 26] . A validation study reported a positive predictive value of 88% using one or more hospitalizations or physician visits [27] . Including educational data as a source to identify ASD is expected to increase the sensitivity [28] .
Covariates
The models were adjusted for region of residence (urban or rural), socioeconomic status (SES), mothers' age at delivery (less than 30, 30 to 39, and 40 years or greater), prenatal use of medications and maternal medical conditions of interest (S3 and S4 Tables). SES was measured using the Socio-Economic Factor Index (SEFI), an area level measure derived from Census data. In addition, receiving income assistance was explored as a proxy of individual level SES. Data on prenatal smoking, alcohol or drug use were obtained from the BabyFirst-Families First Screen. A large amount of missing data was observed for these variables; accordingly, they were not included in the main analysis but were explored in a sensitivity analysis restricted to children who had data on these variables. Number of mothers' physician visits in the year prior to pregnancy was included as a measure of healthcare access. Indication of the dispensed antibiotic is not reliably captured in the administrative databases; hence, we were not able to account for the specific indication for which the antibiotics were prescribed. The models were also adjusted for child covariates including sex, size for gestational age, mode of delivery, birth complications, breast feeding initiation, multiple births, birth order (first born or subsequent), season of birth, year of birth, early childhood antibiotics use and medical conditions of interest (S4 Table) .
Statistical analysis
Multivariable Cox proportional hazards regression was used to examine the association between antibiotic exposure and ASD diagnosis. To account for correlation among siblings, regression models were stratified by the mothers to examine this association within the sibling cohort. The analysis was stratified by sex and region to examine potential effect modification. Multicollinearity among covariates and interactions with antibiotic exposure were explored. Proportional hazards assumption was tested by examining the correlation between follow-up time and Schoenfeld residuals of the independent variables. In the planned sensitivity analyses, we restricted the cohort to children whose mothers had an ICD code for infection during pregnancy. We applied a stricter ASD identification algorithm, which required one hospitalization or two physician claims within three years or one physician claim plus educational special needs funding for ASD within three years. We varied the minimum age for ASD diagnosis to one and two years old, we included inpatient antibiotic use in identifying the exposure and we included prenatal smoking, alcohol or drug use. In addition, we conducted two negative-control analyses by examining maternal antibiotic exposure in the year before pregnancy and the year after birth. The statistical software SAS 1 9.4
(SAS Institute; Cary, NC) was used for all data analyses.
Results
Description of study population
A total of 214 834 children met the inclusion criteria (Fig 1) . About 51% were males and 54.4% resided in an urban region (Table 1) ; 37.6% of the children were exposed to antibiotics prenatally. The majority were exposed to one antibiotic course (62.8%) or were exposed for less than or equal to two weeks (74.1%). 54.6% were exposed to a penicillin antibiotic (S5 Table) . During a follow-up of 1 943 612 person-years with a median of 8.6 person-years (Interquartile range 4.8-13.2), 2965 children received an ASD diagnosis. The crude incidence rates for ASD diagnosis were 1.62 per 1000 person-years and 1.47 per 1000 person-years in children exposed and unexposed to antibiotics prenatally, respectively.
The sibling cohort included 75 896 subjects, with 53 840 exposure discordant pairs (Fig 1) . In this cohort, 977 subjects developed ASD during a median follow up of 9.0 person-years (Interquartile range 5.5-12.9). Baseline characteristics of the sibling cohort are further described in S6 Table.
Cox regression models
Prenatal antibiotic exposure was associated with a small increase in ASD risk (HR (Table 3) .
Sensitivity analyses
The association between prenatal antibiotic exposure and ASD was consistent across the different sensitivity analyses (Fig 2) . 
Discussion
Findings from this large population-based cohort study showed a 10% increase in the risk of ASD in children exposed to antibiotics prenatally compared to those who were not exposed. This association was dependent on region and was only observed in those residing in rural regions. The increased risk was shown in those exposed to penicillins and other beta lactams and in those exposed to antibiotics in the second or third trimester. The highest risk was observed in those exposed to antibiotics for longer than two weeks or who received 3 or more antibiotic courses. The lack of association in the two negative controls provides confidence that the findings are reliable. Since the main model could not account for all confounding sources, we explored the association using a sibling cohort design to address environmental, genetic and other familial or social factors. In the analysis of the sibling cohort, the risk of ASD with prenatal antibiotic exposure did not change significantly, except the association was no longer statistically significant. This could be explained by the smaller sample size of the sibling cohort. This led us to conclude that prenatal antibiotic exposure appears to be associated with a small increase in ASD risk. Nevertheless, we believe the observed risk is too small to be clinically meaningful and may have been influenced by residual confounding from variables that could not be identified in the Repository, not shared by sibling pairs or not recorded correctly. Study findings are consistent with a previous exploratory population-based cohort study conducted by Atladóttir HO et al in Denmark [29] . The study investigated the association of self-reported maternal infections, febrile episodes and prenatal antibiotics use with the risk for ASD. There was no association of maternal infection or febrile episodes with the risk for ASD. However, there was an increased risk of ASD with prenatal use of antibiotics (HR 1.20 [95% CI 1.00, 1.40]). Due to the exploratory nature of this study, and the potential misclassification of the self-reported exposure data, the findings needed to be replicated in a large study designed to address this research question using reliable exposure data sources. Even though the study by Atladóttir HO et al. did not find an association between prenatal infection and ASD risk, other studies reported increased ASD risk with multiple prenatal infections or infections requiring hospitalization [30, 31] . Accordingly, confounding by indication is a concern and may have influenced the findings of the current study. Our study has several strengths including the large sample size, long follow-up period, the use of administrative databases to identify the exposure and the outcome, including many potential confounders and the sibling-controlled design that minimized confounding by unmeasured familial factors. Despite the mentioned strengths, few limitations need to be considered. Exposure misclassification is a concern since drug dispensation does not necessarily indicate drug use. In addition, inpatient antibiotic dispensations were not included in the main analysis due to the limited data years and geographic coverage of the inpatient dispensation database. However, the observed association did not change significantly in the sensitivity analysis that included the subset of data available on inpatient dispensations. Outcome misclassification is another concern given that the utilized ASD identification algorithm has not been independently validated, yet using a stricter ASD identification algorithm did not change the risk estimate. The potential for unmeasured confounding from variables that are not shared by sibling pairs is a potential limitation. For example, we could only identify maternal siblings due to the lack of reliable linked data identifying the fathers. Hence, the sibling cohort included both full and half siblings, which is not ideal to account for confounding by genetic factors. Confounding by indication is another limitation and may have influenced study findings. Future studies are needed to explore other methods to control for confounding in examining similar associations. In addition, studies are recommended to investigate antibiotic- induced microbial dysbiosis and microbiota involvement in neurodevelopmental disorders at the biological level to shed light on the etiology of these disorders and inform disease prevention.
Conclusion
Our results suggest that prenatal antibiotic exposure is associated with a small, albeit clinically non-significant increase in the risk of ASD which may have been influenced by unmeasured confounding. 
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